The DNA repair protein apurinic endonuclease (APE/ Ref-1) exerts several physiological functions such as cleavage of apurinic/apyrimidinic sites and redox regulation of the transcription factor AP-1, whose activation is part of the cellular response to DNA damaging treatments. Here we demonstrate that APE/ Ref 
Introduction
Phosphorylation and dephosphorylation are most important posttranslational mechanisms by which physiological processes are regulated. Upon exposure of cells to DNA damaging agents, the activity of various protein kinases is rapidly modulated. Thus, tyrosine kinases (Devary et al., 1992; Sachsenmaier et al., 1994) , MAPK (Sachsenmaier et al., 1994) , JNK/ SAPKs Minden et al., 1995; Sanchez et al., 1994) and p38 kinase (Wang and Ron, 1996) were shown to interfere with genotoxic stressinduced signaling by stimulating transcription factors, which ®nally leads to increase in expression of so called immediate-early inducible genes such as c-fos (Cavigelli et al., 1995; Deng and Karin, 1994) and c-jun (Chiu et al., 1988; van Dam et al., 1995) . Cells lacking c-Fos, thereby being compromised in functional AP-1 (e.g. cJun/c-Fos), are hypersensitive to a variety of DNA damaging agents (Haas and Kaina, 1995; Kaina et al., 1997; Schreiber et al., 1995) . This indicates that the expression of one or various AP-1 target genes may exert protective function. One of the mechanisms of posttranslational regulation of AP-1 is based on oxidation/reduction mediated by Ref-1 (redox-factor 1) (Abate et al., 1990; Xanthoudakis et al., 1992) , which is identical to the DNA repair protein apurinic/ apyrimidinic endonuclease (APE). Besides its redox function towards AP-1, APE/Ref-1 cleaves apurinic/ apyrimidinic sites during base excision repair (Friedberg et al., 1995) and also acts as a repressor of genes harboring Ca-responsive elements in its promoter (Okazaki et al., 1994) . So far, it is unknown how these multiple functions of APE/Ref-1 are regulated.
One group of kinases which are biochemically well characterized and known for a long period of time are casein kinases (e.g casein kinase I and II). These kinases are ubiquitously distributed protein kinases, present in both cytosolic and nuclear fractions (Hathaway and Traugh, 1982) . Casein kinase II is stimulated by EGF treatment (Ackerman et al., 1990) and is thought to be important for cell dierentiation (Schneider et al., 1986; Sommercorn and Krebs, 1987) . Furthermore, CKII mediated phosphorylation is involved in the regulation of the protooncogene cmyb (Luscher et al., 1990) and is associated with the transcription factor ATF1 (Wada et al., 1996) . A variety of nuclear substrates for CKII have been identi®ed such as topoisomerase I and II (Ackerman et al., 1985; Durban et al., 1985) , DNA helicase (Tuteja et al., 1995) , DNA-dependent RNA polymerase (Duceman et al., 1981; Lee et al., 1984) , and also DNA ligase I (Prigent et al., 1992) . Bearing in mind that DNA helicases (Gzuder et al., 1994; Weeda et al., 1990) as well as DNA topoisomerases (Jones et al., 1993; Ritke et al., 1995; Smith and Makinson, 1989; Vassetzky et al., 1996) interfere with cellular sensitivity to UV-induced DNA damage, it might be possible that their posttranslational modi®cation by CKII results in changes in cellular sensitivity to induced DNA damage. Interestingly, the UV-hypersensitive phenotype of XP-D was complemented by the catalytic b-subunit of CKII (Teitz et al., 1990) . Furthermore, hypophosphorylation of topoisomerase II was reported to cause resistance of cells to the cytostatic drug etoposide (Ritke et al., 1995) and other antitumor drugs (Grunicke et al., 1994) . Additional evidence for the participation of CKII dependent phosphorylation in genotoxic stress response is based on the observation that mammalian DNA ligase I is activated through phosphorylation by casein kinase II (Prigent et al., 1992) . Notably, inactivation of ligase I was shown to result in increased sensitivity to DNA damage (Barnes et al., 1992) . Overall, the data indicate a possible role of CKII-mediated phosphorylation in the cellular defense against genotoxic stress.
Until now, evidence for posttranslational regulation of enzymes involved in base excision repair by phosphorylation is largely lacking. In the present study we identi®ed human APE/ Figure 1D , APE/ Ref-1 was not phosphorylated by PKA and only very weakly by CKI. Based on kinetic analysis, the Km value for APE/Ref-1 phosphorylation by CKII was calculated to be 0.55 mM. This is in the same range as the Km reported for nucleolin (Caizergues-Ferrer et al., 1987; Issinger et al., 1988) and clearly higher than the Km for the analytical substrate casein, which is about 1 M (Hathaway and Traugh, 1982 (Figure 2A ). APE/Ref-1 protein was immunoprecipitated by myc-tag speci®c antibody ( Figure 2B ) and subjected to phosphorylation in vitro by CKII ( Figure 2B ). These data show that not only the recombinant APE/Ref-1 but also the native protein present within the cell is a target of CKII.
APE/Ref-1 phosphorylation by CKII aects AP-1 binding activity
To investigate the physiological function of phosphorylation of APE/Ref-1 by CKII, we compared the APendonuclease activity of phosphorylated versus nonphosphorylated APE/Ref-1. CKII mediated phosphorylation of APE in a given experiment was con®rmed by addition of [ 32 P]gATP and subsequent SDS page followed by autoradiography. Thereby we veri®ed that the APE protein used for subsequent APendonuclease assay was indeed phosphorylated. As shown in Figure 3A , CKII phosphorylation of APE/ Ref-1 yielded APE activity which was not dierent from the non-phosphorylated control. The same was Figure  3B ). Based on these data it is concluded that APendonuclease activity of APE/Ref-1 protein is, at least under these conditions not aected by CKII-mediated phosphorylation.
Besides cleaving apurinic/apyrimidinic sites, APE/ Ref-1 also mediates redox-regulation of the transcription factor AP-1. Oxidized AP-1 lacks DNA binding activity, which can be restored by reduced APE/Ref-1 (Abate et al., 1990; Walker et al., 1993; Xanthoudakis et al., 1992) . As shown in Figure 4A It is known that AP-1 binding is stimulated upon treatment of cells with DNA damaging agents, notably alkylating drugs (Dosch and Kaina, 1996) Control reaction (7CKII) was incubated under identical conditions as phosphorylation reaction (+CKII) but in the absence of the kinase. After an incubation period of 60 min at 378C, 10 ml aliquots were taken and assayed for AP-endonuclease activity as described in Materials and methods. Shown is the decrease in uncleaved oligonucleotide substrate after densitometrical analysis of the autoradiogram which is shown as insert. (B (Cochet et al., 1982; Hathaway and Traugh, 1982) partially blocked the MMS-induced increase in AP-1 binding ( Figure 5B ) as well as AP-1 mediated increase in c-Jun protein level ( Figure 5C ). Thus, these data support the initial ®nding that CKII-mediated phosphorylation of APE/Ref-1 aects the binding activity of AP-1.
Inhibition of CKII sensitizes cells to MMS
Cells lacking c-Fos are compromised in AP-1 driven gene activation and are hypersensitive to DNA damaging treatments (Haas and Kaina, 1995; Kaina et al., 1997; Schreiber et al., 1995) . In view of the ®nding of redox regulation of AP-1 by CKII mediated phosphorylation of APE/Ref-1, the possibility arises that the phosphorylation state of APE/Ref-1 itself may in¯uence the cellular sensitivity to induced DNA damage. To examine this hypothesis, we measured the sensitivity of cells to MMS upon transient blockage of CKII activity by quercetin. As analysed in vitro, quercetin inhibits the activity of CKII in a dosedependent manner by competing with binding of ATP to the enzyme; a molar ratio of 4 : 1 (ATP/quercetin) provoked a *70% reduction in CKII activity ( Figure  6A ). Pretreatment of cells with increasing concentrations of quercetin indeed resulted in an increase in the sensitivity of cells to MMS ( Figure 6B ). The level of sensitization of cells was comparable to the extent of CKII inhibition. The higher concentrations of quercetin required in the survival experiments are likely due to the fact that, within living cells, the ATP concentration is about tenfold higher [*1 mM (Stryer, 1988) and own unpublished data] than that used in the in vitro assay.
Discussion
The human DNA repair protein apurinic/apyrimidinic endonuclease (APE/Ref-1) exerts several physiological functions such as AP-endonuclease and RNase H activity (Friedberg et al., 1995; Levin and Demple, 1990) , 3' diesterase and 3' monoesterase activity (Chen et al., 1991) , redox regulation of transcription factors such as AP-1 (Xanthoudakis et al., 1992) and binding to negative calcium responsive elements causing transcriptional repression (Okazaki et al., 1994) . Cells with reduced APE/Ref-1 level display enhanced sensitivity to induced DNA damage (Walker et al., 1994) indicating that the protein is involved in the cellular defense to genotoxic stress. In view of the multiple functions of the protein, it is reasonable to speculate that APE/Ref-1 is posttranslationally regulated. Starting with a computational search for protein kinase consensus sequences followed by in vitro assays, we obtained evidence that APE/Ref-1 is substrate of In the present study we focused attention to the eect of CKII phosphorylation on AP-endonuclease activity and redox activation of AP-1 because amino acids which might interfere with these APE/Ref-1 functions are located closely to the serine at position 121 (Barzilay et al., 1995; Walker et al., 1993) , which is supposed to be phosphorylated by CKII. It should be noted that the bio¯avonoid quercetin also inhibits other types of kinases such as protein kinase A, protein kinase C, PtdIns 3-kinase, tyrosine kinases and casein kinase I. However, eightfold up to 4100-fold higher concentrations of quercetin are required to inhibit these kinases by 50% as compared with CKII (Akiyama et al., 1987; Cochet et al., 1982; Hagiwara et al., 1988; Matter et al., 1992; Srivastava, 1985) . Because of the high speci®city of quercetin in inhibiting CKII, it appears likely that the eects observed by quercetin treatment are due to inhibition of CKII. Thus, the data support the view that CKII dependent phosphorylation of APE/Ref-1 interferes with the activity of AP-1 like transcription factors and gene expression regulated by AP-1. Notably, quercetin pretreatment rendered cells more sensitive to the cytotoxic eect of the alkylating agent MMS. Interestingly, the increase in cellular sensitivity paralleled the decrease in CKII activity. It is tempting to speculate that inhibition of CKII-mediated phosphorylation of APE/Ref-1 is a mechanism contributing to increased sensitivity of cells to induced DNA damage via reduced expression of critical AP-1 dependent target genes. This hypothesis gained support by the ®nding that lack of c-Fos, which results in impaired AP-1 dependent gene expression, renders cells hypersensitive to various kinds of DNA damaging agents (Haas and Kaina, 1995; Kaina et al., 1997; Schreiber et al., 1995) . We would like to note that, under conditions of hypoxia, the induction of detoxifying enzymes is related to both induction of AP-1 binding transactivating activity and Ref-1 (Yao et al., 1994) . Increase in Ref-1 acitivity was found to enhance binding anity of AP-1 to AP-1 consensus sequences (Yao et al., 1994) . In addition to this, our data indicate that casein kinase dependent phosphorylation of APE/ Ref-1 stimulates redox-mediated activation of AP-1 binding and, therefore, may further increase AP-1 dependent gene expression. This may pertain also to target genes determining cellular resistance to DNA damaging treatments.
The data presented here provide supportive evidence that CKII is involved in the cellular response to genotoxic stress. We suggest that phosphorylation by CKII is a regulatory mechanism which modulates the redox function of APE/Ref-1 (without aecting the DNA repair activity of the enzyme). Since, under conditions of inhibition of CKII, the MMS-stimulated increase in c-Jun protein was abrogated, the data support at the same time the concept that genotoxic stress-induced activation of AP-1 is involved in cellular defense. Recent studies have shown that, in addition to Jun/AP-1, the transcription factors NF-kB and p53 are also subject to redox regulation by APE/Ref-1 (Jayaraman et al., 1997; Xanthoudakis et al., 1992) . p53 is a well known major regulator of cell cycle progression, prereplicative DNA repair and apoptotic cell death upon induction of DNA damage (Ford and Hanawalt, 1997; Levine, 1997; Liebermann et al., 1995) . Also NF-kB exerts protective function after exposure of cells to DNA damaging agents . Considering the data reported here, it might be speculated that genotoxic stress-induced phosphorylation of APE/Ref-1 by CKII gives rise not only to activation of AP-1 but also of p53 and NF-kB, thereby inducing a battery of defense functions. Thus, it is suggested CKII dependent phosphorylation of APE/Ref-1 to be a novel and crucial element in the cellular response to DNA damaging treatments. Figure 6 Quercetin mediated inhibition of CKII activity parallels induced sensitivity to the cytotoxic eect of MMS. (A): Analysis of the inhibitory eect of quercetin on the activity of recombinant CKII. The CKII reaction mixture contained 100 mM of ATP and was supplemented with the indicated concentrations of quercetin. CKII assay was performed with 0.2 U of CKII for 15 min at 378C. CKII activity in the presence of quercetin was related to that in the absence of the inhibitor which was set to 100%. (B): CHO cells were seeded at low density (500 cells per dish) and pretreated 6 h later with the indicated concentration of quercetin. 2 h later, MMS was added at a ®nal concentration of 0.8 mM.
After an incubation period of 1 h, medium was replaced by fresh medium. Cells were grown for 1 week before ®xation. Survival of MMS treated cells was related to the corresponding survival frequency after quercetin pretreatment alone which was set to 100%
Materials and methods

Materials
cDNA for human APE/Ref-1 was obtained from S Mitra (Galvestone, USA). CKI and CKII were generously provided by OG Issinger (Odense, Denmark) , the catalytic subunit of protein kinase A by W Nastainczyk (Homburg, Germany). Myc-tag antibody as well as c-Jun antibody were purchased from Santa Cruz Biotechnology (Heidelberg).
Cell culture COS cells were routinely grown in Dulbecco's modi®ed Eagle medium (DMEM) supplemented with 10% of fetal bovine serum (FCS). HeLa cells as well as CHO cells were grown in DMEM/Ham's F10 medium (1 : 1) in the presence of 5% FCS. Cellular sensitivity to induced DNA damage was measured by analysing reproductive cell death as described (Kaina et al., 1997) .
Isolation of recombinant human APE/Ref-1
Cloning of APE/Ref-1 cDNA into the procaryotic expression vector pGEX-2T (Pharmacia) was done using standard PCR technique. Production and anity purification of recombinant GST-APE/Ref-1 fusion protein, as well as the thrombin cleavage of the fusion protein was performed according to the manufacturers protocol.
Phosphorylation of APE/Ref-1
If not stated otherwise, 0.5 ± 1 mg of recombinant GST-APE/Ref-1 or APE/Ref-1 was used for phosphorylation. CKII (CKI) mediated phosphorylation was performed for 60 min at 378C in a total volume of 30 ml in buer containing 20 mM Mes (pH 6.9), 5 mM DTE, 5 mM MgCl 2 , 150 mM KCl, 50 mM ATP, 1 mCi [ 32 P]gATP and 0.5 mg (0.2 U) of CK II or 0.2 U of CK I, respectively. To analyse the eect of APE phosphorylation on endonuclease and redox-activity, phosphorylation was done with 200 mM of ATP and 0.5 U of CKII for 2 h at 378C. For PKA dependent phosphorylation, the reaction buer contained 20 mM Tris/HCl, pH 7.4, 10 mM MgCl 2 , 0.3 mM CaCl 2 , 2 mM cyclic AMP, 50 mM ATP, 1 mCi of [ 32 P]gATP and 0.1 mg of the catalytic subunit of protein kinase A. Phosphorylation reactions were stopped by addition of SDS sample buer and heating the samples at 958C for 5 min. Reaction products were separated by SDS ± PAGE. After staining, the gel was dried and subjected to autoradiography. For quantitation, 32 P-labeled APE/Ref-1 protein was cut o from the dried gel and solubilized by overnight incubation at 378C in H 2 O 2 (30%). Afterwards radioactivity was determined by scintillation counting.
Transfection experiments and immunoprecipitation of APE/Ref-1
For overexpression and subsequent immunoprecipitation of APE/Ref-1, we made use of the myc-tag system. Myctagged APE/Ref-1 was generated using standard PCR technique and was cloned into pCDNA3 vector (Invitrogen). COS cells were transfected 24 h after seeding (10 6 cells per 10 cm dish) by the calcium phosphate coprecipitation technique. After an incubation period of 48 h, cells were harvested for immunoprecipitation of APE/Ref-1 using myc-speci®c antibody (Santa Cruz). Prior to phosphorylation of the immunoprecipitate by CKII, remainders of SDS and triton were removed by washing with 10 mM Tris (pH 7.4), 1 mM EDTA, 1 mM MgCl 2 .
Immunological methods
To demonstrate the expression of APE/Ref-1 upon transfection of COS cells by means of immunofluorescence, cells were seeded on slides and transfected 24 h later with myc-APE expression plasmid. 24 h after transfection, cells were ®xed with 4% formaldehyde / 0.5% triton X-100 in 0.1M phosphate buer (pH 7.4). Fixed cells were incubated with anti-myc-Ab (Santa Cruz) as ®rst antibody (1 : 100) and FITC coupled anti-mouse IgG as second antibody (1 : 1000). Subsequently, myc-APE/Ref-1 expression was analysed by immuno¯uorescence microscopy. Additionally, total extracts from transfected and nontransfected cells were prepared and 30 mg of protein was separated by SDS ± PAGE. After blotting to nitrocellulose, ®lters were hybridized with anti-myc-antibody (Santa Cruz). myc-APE/Ref-1 protein was detected after incubation with peroxidase coupled goat-anti-mouse IgG by chemiluminescence (Amersham ECL kit). For detection of c-Jun, c-Jun speci®c antibody (Santa Cruz) was used.
Preparation of cell extracts
Total cell extracts were prepared by soni®cation (Branson soni®er) in buer A containing 10 mM Tris (pH 7.4), 50 mM NaCl, 1 mM EDTA, 1 mM MgCl 2 , 1 mM DTT, 1 mM PMSF. For separation of cytosolic and nuclear fraction, cells were lysed by detergent (10 mM Tris (pH 7.4), 10 mM NaCl, 3 mM MgCl 2 , 0.5% NP-40) for 10 min on ice. After centrifugation (10 min, 1000 g, 48C), the nuclear fraction (pellet fraction) was resuspended in buer A and subjected to soni®cation. After a further centrifugation step (10 min, 10 000g, 48C), nuclear proteins were obtained in the supernatant. Protein concentration was determined according to Bradford (1976) .
Determination of AP-endonuclease activity
Recombinant APE/Ref-1 and cell extracts were assayed for AP-endonuclease activity using a double stranded oligonucleotide containing a single AP-site as described (Barzilay et al., 1995) . Brie¯y, uracil containing oligonucleotide (CCAGTGAATCCGGGGUTCCGTCGACCTGCAGCCA) was 32 P-labeled by T4 kinase and then annealed with the complementary strand. After ethanol precipitation, uracil glycosylase treatment was performed according to the manufacturers protocol (Boehringer, Mannheim). Thus, double stranded oligonucleotide containing a single apurinic site was obtained. 2 pMol of 32 P-labeled substrate was incubated with 2 ± 20 mg of cellular extract or 10 ± 500 ng of recombinant APE/Ref-1, respectively, at 378C in a total volume of 50 ml. After dierent periods of time, 10 ml aliquots were taken o and separated on a 20% sequencing gel. The dried gel was subjected to autoradiography. For quantitation, the autoradiogramms were densitometrically analysed. As measure of APE/Ref-1 activity we considered the decrease in the amount of uncleaved substrate. Endonuclease activity was calculated as nmol substrate cleaved per min and mg of protein.
Determination of CKII activity
Analysis of CKII activity was performed in a total volume of 50 ml (CKII phosphorylation buer: 20 mM Mes (pH 6.9), 5 mM DTE, 5 mM MgCl 2 , 150 mM KCl, 25 mM ATP, 1 mCi [ 32 P]gATP) for 15 min at 378C. As substrate for CKII, dephosphorylated casein (1% (Sigma)) was used. Reaction was terminated by spotting the reaction volume to 3 MM ®lters and transferring them immediately to 10% TCA solution (Schneider et al., 1986) . After washing the ®lters for each of 15 min with 10% TCA, 5% TCA and ethanol, ®lters were dried and radioactivity quanti®ed by scintillation counting.
Gel retardation analysis
For gel retardation analysis, AP-1 speci®c oligonucleotide derived from the mouse collagenase promoter (AGTGGT-GACTCATCACT) was 32 P-labeled by T4 kinase. Total extracts were prepared as described (van Dam et al., 1993) and incubated for 30 min at room temperature in the presence of 32 P-labeled oligonucleotide. Afterwards, reaction products were separated on 5% polyacrylamide gel. After run, the gel was dried and subjected to autoradiography. In order to analyse the eect of the phosphorylation state of APE/Ref-1 on AP-1 binding, extracts were preincubated with recombinant, phosphorylated or nonphosphorylated APE/Ref-1 for 10 min at 378C before 32 Plabeled oligonucleotide was added. 
